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Production limits have been maximized in earthen pond (EP) aquaculture. Pond
design innovations may increase limits of catfish production by enhancing nitrogen
processes. The split-pond system (SPS) partitions a pond into fish (20%) and waste
treatment/oxygen production compartments (80%). In 2010, an SPS and EP were stocked
(March) and harvested (October) with 25,000 catfish ha-1. Water quality (DO, pH, temp,
ORP, CHL-a), nitrogen dynamics (TN, TAN, NO2-, NO3-), nitrogen pathway estimation,
and nitrogen budgets were compared. In the waste treatment compartment, maximum DO
concentrations exceeded 40 mg L-1, whereas ORP values provided favorable
denitrification conditions. October EP NO2- concentrations were 3-4 mg L-1; 10-fold
greater than the SPS. Feed (~90%) and fish (~60%) were the greatest source and sink of
nitrogen, respectively. The SPS may be a promising pond design for the catfish industry
through enhanced nitrogen removal and potential opportunity for increased production.
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CHAPTER I
INTRODUCTION
Future growth of aquaculture production in the face of dwindling world capture
fisheries appears vital to increase global fisheries supply for an increasing world
population. Most land devoted for static-pond catfish aquaculture production in the
United States occurs in Mississippi, Arkansas, Alabama, and Louisiana (Kaliba et al
2007). Earthen ponds (EP) rearing catfish for table fare function at the most basic level
through solar radiation, water temperature, and feed input (Tucker and van der Ploeg
1993). Intensifying production, however, requires a better understanding of the
relationships among algal growth, dissolved oxygen (DO), nitrogen processing, and
loading limits of pond production (Hargreaves 1995, Hargreaves and Tucker 2003).
In the last 40 years, the commercial catfish industry has evolved from managing
large ponds (16 ha) where catfish growth relies on fertilized autotrophic food webs to
managing smaller ponds (5 ha) where catfish growth is accelerated by manufactured feed
and other improved culture technologies (Boyd 1990, Hargreaves and Tucker 2003).
Prior to 1970, primary production limited increasing levels of input into pond systems
because phytoplankton biomass could no longer provide sustainable net oxygen
production levels to support an increase in stocking densities. Since 1970 attempts to
intensify pond aquaculture have been underway with efforts focusing on limits of pond
production including enhancing oxygenation of the water column and ameliorating
1

buildup of toxic ammonia (Brune et al 2004). By the late 1970’s, fish stocking densities
had increased beyond 9,500 ha-1 (up from 2,500 ha-1 in the early 1970’s), leading to
episodes of critically low DO levels (Hargreaves and Tucker 2003). In the 1980’s, the
innovation of the aerator revolutionized the industry by supplementing DO
concentrations, especially at night when photosynthesis ceased, ensuring sufficient
oxygen levels for catfish overnight (Lee 1981). As stocking densities continued to
increase, greater feed inputs led to greater levels of fish waste and nitrogen metabolites
accumulating in the system maximizing the inherent waste treatment capacity of static
ponds (Boyd 1990). Additionally, greater stocking densities gave rise to increased
outbreaks of infectious disease and off-flavoring (Hargreaves and Tucker 2003). The
above management of ponds relied on certain internal ecosystem processes (i.e., nutrient
cycling); however, management beyond this intensity level calls for nearly all the
resources required for successful grow out of fish to be external to the pond system (i.e.,
fossil fuels) specifically water exchange and/or intensive water mixing (Boyd 1990).
In 1989, researchers at Clemson University began development of an aquaculture
system that could increase catfish production, enhance waste treatment capacity, and
increase profitability at levels greater than accomplished in static earthen ponds (Brune et
al 2012). The partitioned-aquaculture system, or PAS as it was termed, couples algal
growth basins, high-density fish-culture raceways, and a paddlewheel to drive water
across algal basins and fish raceways (Brune et al 2004). The driver of the system is the
paddlewheel that imparts a uniform water velocity, ensuring a mixed water column
across the PAS and increases exposure of algal populations to solar radiation maximizing
algal ammonia assimilation (Brune et al 2012). Additionally, the water velocity promotes
2

nutrient dispersion into the water column, rapid suspension of algal biomass into the
epilimnion resulting in maximum algal productivity, and control of water quality into
fish-culture raceways (Brune et al 2004). Early development of the PAS (1989-1993)
focused on gas exchange, cage-culture advancements, and enhancing algal-culture basins.
In 1999, a 0.81 ha prototype was constructed and operated using one paddlewheel in the
algal basin and one to service the three fish raceways (Drapcho 1993). Between 1995 and
2001, scientists considered the limit of fish carrying capacities using a co-culture species
Nile tilapia (Oreochromis niloticus), which were housed separately from catfish (Turker
et al 2003). This system managed effectively algal biomass using filter-feeding tilapia by
reducing zooplankton densities and occurrence (Brune et al 2012). Additional benefits of
co-culture PAS systems include development of desirable green algae dominated
phytoplankton communities in the waste treatment compartment and reduced
cyanobacteria populations known to cause off-flavors in catfish (Turker et al 2003). The
associated increased algal biomass is an important difference between conventional
earthen ponds and the PAS (Brune et al 2004). Photosynthetic oxygen production in the
PAS is 3-4 fold greater than in conventional earthen ponds and is the basis for a 3-4 fold
increase in carrying capacity in the PAS (Turker et al 2003, Brune et al 2004, Brune et al
2012). Ultimately, this co-culture development in the PAS led to 42,000 kg of catfish and
4,500 kg of tilapia being produced in the 0.81 ha prototype (Brune et al 2012). In
contrast, typical yield for a conventional pond is between 7,000-11,000 kg ha-1 (Brune et
al 2004).
The benefits a PAS can provide to the future of catfish aquaculture are based on
use of a low-speed paddlewheel and a co-culture species. The paddlewheel enhances
3

water mixing and nutrient dispersion into the entire water column resulting in improved
nitrogen transformation processes and loss pathways such as nitrification, denitrification,
ammonia volatilization, and mineralization. The paddlewheel enables suspension of
phytoplankton, which can be concentrated into the euphotic zone and produce oxygen
(Brune et al 2004). Additionally, mechanical aeration in fish raceways can convert
potentially toxic ammonia (NH3) to nitrate (NO3-) and may augment nitrogen losses by
providing more NO3- for denitrification. Moreover, water circulation should improve NH3
diffusion to the atmosphere and suspend organic matter from sediment into the water
column resulting in more efficient decomposition and less organic detritus on pond
sediments (Gross et al 2000). Use of a co-culture species that forages on phytoplankton in
the PAS such as tilapia could reduce algal cell age, increase algal growth, decrease
cyanobacteria populations, provide oxygen, and remove waste from the system (Turker et
al 2003). Use of chemicals to treat illness and disease is relatively cheaper, easier, and
more effective in a PAS than conventional application because fish are confined in
raceways (Brune et al 2004, Brune et al 2012). The PAS is one alternative strategy to use
in areas or sites which are not adequate for conventional catfish aquaculture; as a result,
PAS’s are best suited for sites with new construction opposed to retrofitting a site for
PAS production (Brune et al 2004).
A new technology derived from Clemson’s PAS is the split-pond system (SPS)
which uses similar culture strategies and components as Clemson’s PAS. Designed by
scientists at the Thad Cochran National Warmwater Aquaculture Center (NWAC) in
Stoneville, Mississippi, the SPS is partitioned into two sections that physically separate
fish culture from oxygen production and waste treatment. A low-speed paddlewheel
4

circulates water between the two compartments during the day to reduce thermal and
chemical stratification and suspend algal biomass and nutrients in the water column to
increase phytoplankton growth and total ammonical nitrogen (TAN) assimilation
(Hargreaves 1995, Boyd 1998). The SPS is designed to confine catfish on one side of the
pond (20%) by installing an earthen dam structure to an existing pond, new pond, or a
pond that has come back into production. The remaining pond area (80%) is used as one
large algal basin for oxygen production and ammonia assimilation. Whereas the physical
design is different, the premise behind the design of the SPS is similar to that of the PAS:
to increase production through enhanced waste treatment processes via greater algal
production.
In contrast to the PAS, the SPS may be an appropriate pond retrofit for existing
catfish ponds that intensifies fish production by enhancing algal populations resulting in
improved oxygen concentrations and nitrogen assimilation. The overall objective of this
research was to better understand water quality and nitrogen dynamics within one SPS
and compare results with one traditional EP. Specific objectives of this research were to
determine spatial and temporal water quality [water temperature, DO, pH, and oxidationreduction potential (ORP)] and nitrogen [total nitrogen (TN), TAN, NO2-, and NO3-]
dynamics, evaluate nitrogen pathways (nitrification and denitrification), and compare
nitrogen budgets between a SPS and a conventional earthen pond in northwestern
Mississippi, USA.

5
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CHAPTER II
WATER QUALITY AND NITROGEN DYNAMICS IN COMMERCIAL
CATFISH PONDS
Introduction
Commercial catfish farming is the largest and most important aquaculture
industry in the United States (Steeby 2002, Kaliba et al 2007). Conventional catfish
farming occurs in earthen ponds where fish production is often curtailed by boom and
bust fluctuations of algal biomass resulting from nutrient inputs from feed and metabolic
wastes (Tucker and van der Ploeg 1993, Drapcho and Brune 2000). As such, water
quality (DO, water temperature, pH, and ORP) and nitrogen [TN, TAN, ammonium
(NH4+), NH3, NO2-, and NO3-] dynamics oscillate (Colt and Tchobanoglous 1978, Boyd
1979). To maximize production in conventional ponds, farmers must manage the system
in a way that improves nitrogen assimilation/removal through enhanced management of
algal biomass and water quality (Drapcho and Brune 2000).
Supplementing oxygen concentrations via aeration accomplishes two goals in
pond aquaculture: (1) it overcomes low DO concentrations due to respiratory demand of
pond biota, and (2) it maintains a minimum DO threshold for cultured fish (Hargreaves
and Tucker 2003). Oxygen via aeration is supplied routinely during summer nights
because this time of year coincides with greatest feeding rates and above average
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photoperiods and water temperatures leading to greatest production of algal biomass
(Hepher 1962, Polisini et al 1970, Chang and Ouyang 1988, Hargreaves and Tucker
1996). Consequently, from this photosynthetic oxygen production, DO concentrations are
greatest during the day; however, at night, DO concentrations are least as phytoplankton
and other pond biota consume oxygen (Boyd 1985, Smith and Piedrahita 1988, Drapcho
and Brune 2000, Hargreaves and Tucker 2003, Torrans 2008).
The dynamics of pH are also related to the amount of photosynthetic oxygen
production in ponds (Taylor 2003). Dissolution of CO2 from water during photosynthesis
causes pH to increase from morning to afternoon, but at night, photosynthesis ceases
whereas respiration continues resulting in greater levels of CO2 and H2CO3, causing least
pH values overnight and in the early morning (Taylor 2003).
Seasonal fluctuations of algal biomass provide important roles in temporal
nitrogen dynamics and processing in traditional catfish ponds (Tucker and van der Ploeg
1993). Phytoplankton uptake of total ammonical nitrogen (TAN) from the water column
of catfish ponds is the main nitrogen removal pathway in Mississippi and is most
common during summer as warm water temperatures provide ideal growing conditions
for algae (Hargreaves 1998). Water column fractions of NO2- and NO3- are typically least
during summer because chemoautotrophic bacteria are out-competed by algae for labile
inorganic nitrogen (Hargreaves and Tucker 2003). Several studies have illustrated
seasonal nitrogen dynamics in traditional catfish ponds (Hargreaves 1995, Tucker 1996,
Taylor 2003).
Taylor (2003) examined nitrogen fractions in eight fish ponds in Mississippi and
determined mean values of TAN and NO2- were least during summer (0.30, 0.06 mg L-1)
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and greatest during fall (1.14, 0.11 mg L-1). Tucker et al (1996) studied 20 channel catfish
ponds in Mississippi from 1991 through 1993 and observed greatest TAN and NO2concentrations in fall and winter and least values in summer. Additionally, they found
NO3- concentrations to be greatest in winter and least in spring (Tucker 1996).
Mechanisms for these trends in dissolved inorganic nitrogen were described by
Hargreaves (1995, 1997).
Seasonal periodicity of phytoplankton biomass in the southeastern United States
results in TAN concentrations in earthen ponds to be least during summer because algal
populations are maximized, nitrogen input (feed) is maximized, and as such, TAN can be
assimilated at greater rates (Hargreaves 1995). During fall and spring, however, algal
growth is slowed as sunlight, water temperatures, and nitrogen input (feed) are reduced.
Mineralization of organic detritus occurs during fall and spring and releases TAN back to
the pond environment where it may undergo oxidation by bacteria yielding NO2- and
NO3- (Hargreaves 1998). Hargreaves (1997) supported these beliefs with a model
simulation of ammonia dynamics in channel catfish ponds. The model revealed that
nitrification rate had a bimodal distribution with peaks during spring and fall and was
related inversely to phytoplankton biomass providing greater concentrations of NO2- and
NO3- during these seasons (Hargreaves 1997).
Similarly, water quality parameters vary seasonally in response to climatic
conditions and associated algal biomass which also affects nitrogen processing and
transformations (Boyd 1985). Dissolved oxygen, for example, is one determinant in
nitrification and denitrification processes (Hargreaves 1998). Aerobic conditions must be
maintained to ensure complete nitrification, and anaerobic conditions are required for
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denitrification (Li and Irvin 2007). Water temperature and pH are factors in the
ionized/unionized ammonia equilibrium (Taylor 2003). As temperature and pH increase,
the equilibrium favors the unionized form which at sublethal concentrations can cause
tissue damage to gills and kidneys, reduced growth rates and oxygen carrying capacity of
hemoglobin, greater oxygen consumption and increased respiration rate (Burrows 1964,
Robinette 1976, Sousa and Meade 1977, Smart 1978, Thurston et al 1978, Tomasso et al
1980). Unionized ammonia toxicity is more of a concern in poorly buffered ponds where
diel pH ranges are extreme; however, catfish ponds in the southeastern United States
have adequate buffering capacity so wide-ranging pH fluctuations are generally not a
problem (Taylor 2003).
Oxidation-reduction potential (ORP) is another parameter that links water quality
and nitrogen dynamics. Using ORP allows researchers to measure tendency for a given
compound to accept or donate electrons and provides quick characterization of nutrient
transformations in a given media (DeLaune and Reddy 2005). Organic matter is oxidized
most efficiently when oxygen is the terminal electron acceptor; however, organic matter
also can be oxidized using NO3- when anaerobic conditions are present, a process
resulting in nitrogen removal (Hargreaves and Tucker 2003). Several studies have used
ORP as a proxy to measure nutrient transformations (Kralova et al 1992, Lee et al 2000,
Cheng and Liu 2001, Hamlin et al 2008, Reddy and DeLaune 2008, Fernandes et al 2010,
Seo and DeLaune 2010); however, few studies have documented ORP variation in pond
aquaculture.
High-rate pond systems, such as Clemson’s PAS, have demonstrated ability of
improved water quality and nitrogen processing compared to traditional ponds by
10

confining cultured fish and increasing algal populations through water movement
(Drapcho and Brune 2000). A derivative of Clemson’s PAS is Mississippi’s split-pond
system (SPS), which was built using a more rudimentary design than the PAS, takes
advantage of existing pond infrastructure instead of relying on new pond construction
(Brune et al 2012). The SPS improves nitrogen processing in a similar fashion as the
PAS, by imposing a paddlewheel-driven water velocity across a fish compartment and
waste compartment mixing the water column and increasing algal populations, DO
concentration, and TAN assimilation for improved water quality (Brune et al 2012). The
SPS is considered an intermediate level of pond intensification between the PAS and
traditional ponds and because the SPS is a relatively new pond design a better
understanding of seasonal and diel timing and magnitude of water quality and nitrogen
dynamics are needed (Brune et al 2012). The main objective of this chapter was to
determine water quality (water temperature, DO, pH, and ORP) and nitrogen (TN, NH4+,
NH3, NO2-, and NO3-) dynamics within a SPS and quantitatively compare results with a
traditional EP during one growing season in 2010.

Methods
Study Site
The study was conducted at the Thad Cochran National Warmwater Aquaculture
Center (NWAC) in Stoneville, MS. The NWAC, located in the Mississippi River Alluvial
Valley, has hydrologic, geologic, and climatic conditions suitable for catfish production.
In terms of hydrologic conditions, the Mississippi River Alluvial Aquifer provides clean
water to ponds as it is drawn up through sand and gravels overlain by fine clay particles.
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Geologic parent material settled out and deposited in the alluvial valley consists of
subsoil clay content ranging from 60 to 90% providing optimal water retention in ponds
(Pettry and Switzer 1996). Additionally, the humid subtropical climate (Kӧppen climate
classification system) provides a long growing season (March to October) for catfish
culture.
Pond Design
One traditional EP (area=0.325 ha; mean depth=1.2 m) and one newly designed
SPS (area=0.285 ha; depth on fish side=1.5 m, depth on waste side=0.9 m) were stocked
with hybrid catfish (Ictalurus punctatus x Ictalurus furcatus) (0.048 kg fish-1) on March
16, 2010, at a density of approximately 25,000 fish ha-1. The EP was used as a control
and is representative of a typical commercial catfish pond where fish culture, oxygen
production, and waste treatment functions occur in the same area (Figure 2.1A). The SPS,
developed at Mississippi State University, physically separates fish culture (15-20% total
pond area) from waste treatment/oxygen production functions (70-80% total pond area)
(Figure 2.1B). Additionally, as part of the SPS design, water was circulated between the
fish holding compartment (SPF) and waste treatment compartment (SPW) via a fivehorsepower paddlewheel when aerators were not engaged (09:00-21:00) (Figure 2.1C).
Fish were fed to satiation daily with 28% crude protein floating catfish pellets (Delta
Western Inc., Indianola, MS). Four one-horsepower aerators were distributed equally
across the SPF and one five-horsepower aerator positioned at the west end of the EP
supplemented oxygen from 21:00-09:00 daily.

12

Water Quality Sampling Design
In-situ water quality parameters were recorded weekly at 30-minute intervals at
the surface and a few centimeters above the sediment-water interface of the EP and SPS
throughout the growing season (March 16-October 25, 2010). Multi-probe water quality
data sondes (Eureka Environmental 2010) measured pH, DO (mg L-1), water temperature
(ºC), and ORP (mV) within the two ponds (Figure 2.2). One sampling station was placed
in the middle of the EP, another in the middle of the SPF, and one in the middle of the
SPW. In pilot studies, biofilm development and algal fouling compromised probes after
approximately one week; therefore, data sondes were replaced weekly with clean
calibrated units. Post-processing and calibration procedures for Eureka data sondes were
according to manufacture specifications (Eureka Environmental 2010).
Nitrogen Determination
Grab water samples collected from each pond were transported to the NWAC
water quality laboratory for nitrogen determination (TN, TAN, NO2-, and NO3-). Total
nitrogen was determined by alkaline-persulfate oxidation/digestion followed by cadmium
reduction and diazotization (Koroleff 1983). Total ammonia nitrogen was determined by
the phenate method in which indophenol was formed by the reaction of ammonium,
hypochlorite, and phenol catalyzed by sodium nitroprusside. Nitrite was determined by
the colormetric method through formation of a reddish purple azo dye produced at pH 2.0
to 2.5 by coupling diazotized sulfanilamide with N-(1-naphthyl)-ethylenediamine
dihydrochloride (NED dihydrochloride). Nitrate was determined by the cadmium
reduction method by where nitrate is reduced to nitrite when cadmium is present. The
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nitrite produced is determined by diazotizing with sulfanilamide and coupling with NED
dihydrochloride to form a highly colored azo dye that was measured colorimetrically
(APHA 1998). Nitrogen determination for each method was analyzed using a Perkin
Elmer Lambda 1A UV/VIS Spectrophotometer.
Results
Water Temperature
Water temperature varied on diel and monthly scales. In all seasons (spring,
summer, fall), water temperature was least between 05:00 and 10:00 and greatest between
15:00 and 20:00 (Figures 2.3, 2.4, & 2.5). A contrast to these general trends among
seasons with respect to diel water temperature was a shift in peaks. For example, water
temperature peaked earlier in the evening during spring, but throughout summer and into
fall, peaks were recorded later in the evening (Figures 2.3, 2.4, & 2.5). Monthly water
temperature values displayed a bell-shaped curve from March to October with minimum
values in March and maximum values in June (Table 2.1) (Figure 2.6). Maximum water
temperatures were 34.96, 35.51, and 34.19 ºC and minimum water temperature values
were 14.03, 14.25 and 13.59 ºC for the EP, SPF, and SPW, respectively (Table 2.1).
Dissolved Oxygen
Diel DO values were generally least between 05:00 and 10:00, and greatest
between 15:00 and 20:00 (Figures 2.3, 2.4, & 2.5). During afternoon hours of summer,
DO was recorded at values greater than 45 mg L-1 in the SPW (Table 2.1). Conversely,
DO values in the SPF did not reach levels greater than 18 mg L-1 during the same time
period. Monthly DO values from March to October, however, displayed a declining trend
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for the EP, SPF, and SPW, as mean DO concentrations decreased from spring to summer
and from summer to fall (Figure 2.6). Whereas DO monthly dynamics were similar
among ponds, DO in the SPW was considerably more variable than either the EP or SPF
(Figure 2.6). As such, seasonal trends (spring, summer, and fall) were comparable among
the EP, SPF, and SPW, as DO ranges were least during spring and fall and greatest
during summer. The least range of DO concentrations were observed in March for the
SPF (6.78-12.52 mg L-1) and SPW (10.57—15.37 mg L-1) and in October for the EP
(3.54-10.82 mg L-1) (Table 2.1). The greatest range of DO concentrations were observed
in June for the SPF (2.2-17.2 mg L-1) and SPW (0.94-45.16 mg L-1) and in July for the EP
(1.82-31.28 mg L-1) (Table 2.1). On the evening of July 30, 2010, DO in the SPS was
critically low, and because oxygen management in this pond was controlled by a timer, a
100% fish kill occurred.
pH
Similar to water temperature and DO, pH displayed a general diel trend
throughout the growing season. Least values occurred during morning hours and greatest
values were observed during afternoon hours (Figures 2.3, 2.4, & 2.5). The SPF during
fall, however, revealed a bimodal pattern with peaks near 09:00 and 17:00, differing from
the daily normal peak observed during spring and summer (Figure 2.5). pH ranges in the
SPF were greatest in July (6.46-8.42) and least in March (7.75-8.38) (Table 2.1). In the
SPW, pH ranges were greatest in June and July (1.64) and least in March (1.06). The EP
had the greatest range of pH values throughout the growing season (March: 7.29-10.09).
The least range of pH values in the EP occurred in October (7.6-8.05) (Table 2.1).
Among ponds, monthly mean pH values displayed a negative trend from March to
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October (Figure 2.6). The SPF and SPW, however, exhibited greater monthly pH
variation than EP (Figure 2.6).
Oxidation-Reduction Potential
Oxidation-reduction potential exhibited greatest diel variation among water
quality parameters (Figures 2.3, 2.4, & 2.5). Oxidation-reduction potential values in the
EP displayed an inverse diel relationship between spring and summer, increasing steadily
from midnight to afternoon during spring and decreasing steadily from midnight to
afternoon during summer (Figures 2.3 & 2.4). Throughout fall, diel ORP values in the EP
resembled a similar trend as other water quality parameters, least during morning hours
and greatest during afternoon hours (Figure 2.5). Diel ORP values during spring in the
SPF were similar to the EP as they increased from midnight to afternoon, increased in the
morning, and decreased in the afternoon during summer, and although more sporadic,
ORP values during fall were similar to the EP, least in the morning hours and greatest in
the afternoon hours (Figures 2.3, 2.4, & 2.5). The trend of spring diel ORP values in the
SPW differed from the EP and SPF. Spring ORP values in the SPW were steady from
midnight to 09:00, decreased sharply from approximately 09:00 to 10:00, and then
increased steadily from 10:00 to 20:00 (Figure 2.3). Summer and fall diel ORP values in
the SPW were similar; least values were associated with reduced conditions during
morning hours, and greatest oxidized values were in the afternoon hours. Although
similar diel trends existed in the SPW during summer and fall, least values in summer
were closer to 05:00 contrasting least fall values that were closer to 10:00 (Figure 2.4 &
2.5).
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Oxidized conditions existed for the most of the growing season in the EP and
SPF. In July, however, reduced conditions became increasingly frequent in the EP and
SPF as mean and standard deviation values were 33.36 and 23.22mV, and 89.34 and
269.41mV, respectively (Table 2.1) (Figure 2.6). In contrast, the SPW had the greatest
range of ORP values and consequently was under reduced conditions more frequently
than either the SPF or EP (Figure 2.6). June and July yielded strong reducing conditions
in the SPW as mean ORP values of -242.70 and -27.58 mV were recorded (Table 2.1)
(Figure 2.6).
Chlorophyll-a
Chlorophyll-a concentrations showed a similar trend from March to October
among the EP, SPF, and SPW (Figure 2.7). Chlorophyll-a concentrations in the EP
increased from March to June, decreased from July into September and increased from
September through October (Figure 2.7). In the SPF and SPW, CHL-a concentrations
were bimodal for the growing season with peaks in June and October (Figure 2.7).
Mean CHL-a concentration in the EP throughout the growing season was 692 µg L-1
compared to mean CHL-a concentrations of 1,485 and 1,418 ug L-1 in the SPF and SPW,
respectively. Maximum CHL-a concentrations were observed in October for the SPF and
SPW (3,960; 3,247 µg L-1), and were more than two-fold greater than the maximum
value in the EP (June; 1,404 µg L-1).
Spatial and Temporal Nitrogen Dynamics
Nitrogen species (TN, TAN, NO2-, NO3-) showed seasonal variation among all
ponds; however, the flux of inorganic nitrogen species in the EP was quite different in
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timing and magnitude compared to the SPS (Figure 2.8). Total ammonical nitrogen in the
EP reached its first peak in June near 3.5 mg L-1. In comparison, TAN was relatively
undetected in the SPF and SPW throughout much of June with an initial peak detected in
July.
From May through much of July both ponds exhibited increasing CHL-a
concentrations (Figure 2.7). By July 8, 2010, CHL-a concentrations were 2,217 and 2,265
µg L-1 in the SPF and SPW, respectively, two-and-a-half fold greater than in the EP. On
July 21, CHL-a had decreased in the SPF and SPW to 1,568 and 1,624 and decreased
further by mid-August to 615 and 705 µg L-1. This decline in phytoplankton standing
crops from early July to mid-August represented a 70% reduction. The crash of
photosynthetic oxygen producers following July 21 as well as poor oxygen management
(aeration on a timer system) led to a 100% fish kill in the SPS on July 31. During this
time of phytoplankton senescence, SPF and SPW TAN levels increased drastically
throughout much of August followed by an increase in NO2- and NO3- (Figure 2.8 B &
C).
Following the fish kill, dead fish from the SPS were removed and replaced with
hybrid catfish of similar weight and length. Restocked fish were within ± 2% (by weight)
of the dead fish that were removed. Restocking the SPS was done in an effort to continue
gathering and comparing nitrogen data between the EP into the fall until fish were
harvested. In October, TAN concentrations in the EP had been exposed mostly to
oxidized conditions as TAN declined and NO2- increased to nearly 4 mg L-1 (Figures 2.8
& 2.9).
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Hourly trends of nitrogen dynamics revealed variation with respect to time of year
(month) as well as between the EP and SPS. Increased TAN concentrations in July for the
SPF and SPW produced increased concentrations of NO3- during the day, however, NO3decreased from midnight to 08:00. During fall the EP generally had greater levels of
TAN, NO2-, and NO3- than did the SPF or SPW, including October NO2- concentrations
of approximately 3 mg L-1 during afternoon diel sampling (Figure 2.9).
Ionized and Unionized Ammonia Equilibrium
Ionized ammonia was the main fraction of TAN found among ponds (Table 2.2).
Greater concentrations of ionized ammonia yielded greater concentrations of potentially
toxic unionized ammonia (Table 2.2). The EP and SPF had the greatest average median
concentration of unionized ammonia throughout the growing season (0.107 mg L-1). The
SPW had an average median value of 0.047 mg L-1 unionized ammonia. In the EP,
unionized ammonia was greatest in June and July. In contrast, unionized ammonia
concentrations in the SPF and SPW peaked later in July and September (Table 2.2).
Discussion
The climate of northwest Mississippi, the predominant area for catfish
aquaculture in the United States, is characterized as having humid, hot summers, cool
winters, periods of extended precipitation, and periods of extreme drought. As such,
periodicity of physicochemical parameters (water temperature, DO, pH, ORP) and
nitrogen species (TN, TAN, NO2-, NO3-) vary daily, monthly, and seasonally.
Oxygen dynamics of aquaculture ponds are complex and are affected mainly by
primary production. Phytoplankton biomass (estimated as CHL-a) tends to increase
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during the growing season as water temperatures and nitrogen in metabolic waste and
feed provide ideal conditions for algal growth. During summer, diel fluctuations in water
temperature will increase from late morning to late afternoon as light is scattered and
absorbed by pond water. As water temperature increases, solubility of oxygen in water
decreases. Water that is supersaturated from photosynthetic oxygen production, however,
boosted DO concentrations upwards of 45 and 31 mg L-1 in the SPS and EP, respectively
(Table 2.3). Boyd (1985) found mean daily DO concentrations in traditional earthen
catfish ponds to be between 5-7 mg L-1. Chang and Ouyang (1988) determined that DO in
their fish ponds was supersaturated in the epilimnion and undersaturated in the
hypolimnion. Further, Tucker and Steeby (1995) tested effect of circulation on vertical
oxygen dynamics and found DO concentrations to be similar at the surface and bottom of
catfish ponds in circulated ponds (~15 mg L-1); however, in uncirculated ponds, nearly a
5 mg L-1 difference was apparent between surface and bottom. Additionally, Tucker and
Steeby (1995) found water circulation in earthen ponds of Mississippi led to water
temperatures never differing by more than 1 ºC between surface and bottom. In contrast,
uncirculated ponds in their study always had differences in water temperature greater
than 1 ºC between surface and bottom. Similar results were found in the first half of this
study, as mean DO concentrations in the SPS were almost always greater than in the EP.
In the second half of the study, from July through October, however, mean DO
concentrations were greater in the EP than in the SPS and can be attributed to senescent
phytoplankton standing crops following an unexpected fish kill. According to Boyd
(1998), water circulation mixes oxygen in the entire water column providing sufficient
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DO concentrations to the sediment-water interface as well as decreasing thermal and
chemical stratification.
Although the fish kill severely depleted the power of this study, it provided a
great case study for commercial catfish farmers to use oxygen sensors instead of timers to
determine when aeration is necessary. Economically, it makes sense for farmers to install
DO sensor systems for two reasons: (1) DO sensor systems prevent a fish kill and loss of
a crop due to insufficient oxygen concentrations, and (2) DO sensor systems have been
found to use 62% less electricity than timed systems (Hoagland 1998). Following the
restocking of the SPS, maximum CHL-a concentrations were observed in September and
October. Despite maximum CHL-a concentrations, DO remained quite low throughout
September and into October probably due to a decrease in photosynthetic oxygen
production resulting from less solar radiation and decreasing water temperatures.
While aeration intervention occurred at night in the EP and SPF, the combination
of ceasing circulation and no aeration in the SPW yielded very low ORP concentrations
(reduced conditions). Reduced conditions may result in enhanced waste treatment
functions (denitrification) based on availability of nitrate and a carbon source (Kralova et
al 1992, Lee et al 2000, Cheng and Liu 2001, Hamlin et al 2008, Reddy and DeLaune
2008, Fernandes et al 2010, Seo and DeLaune 2010). Even though ORP measurements
have been studied in other aquaculture systems (recirculating systems and shrimp ponds),
there have been no investigations of ORP in catfish pond aquaculture. Use of ORP as a
supplemental water quality variable may aid in a more thorough understanding of pond
environments through electron exchange and associated nitrogen dynamics.
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The relatively high average pH levels in catfish ponds of the southeastern United
States have been documented in this study as well as by Seo (2001) and Taylor (2003).
Direct pH toxicity can cause osmoregulatory dysfunction at pH levels greater than 9, and
at 11 or 12, it causes mortality (Tucker 1996). Overall pH levels were classified as
alkaline; however, at no time were mean pH levels greater than 9, thus pH toxicity did
not hinder production. The pH-oxygen relationship is such that dissolution of CO2 from
water during photosynthesis causes pH to increase from morning to afternoon; however,
at night photosynthesis ceases whereas respiration continues resulting in greater levels of
CO2 and H2CO3 causing least pH values overnight and during early morning hours
(Taylor 2003). It was difficult to identify any apparent trends in seasonal pH variation,
and as such, it was most likely an indirect result of seasonal climatic conditions which
affect diel oxygen dynamics that affected pH values.
The equilibrium between ionized and unionized ammonia is primarily a function
of pH. Ammonia toxicity to fish occurs at pH levels greater than 9 because elevated pH
levels favor the unionized form of ammonia. The TAN equilibrium throughout this study
favored the ionized form; however in June, the EP recorded a median unionized ammonia
concentration of 0.27 mg L-1. Greatest median value of unionized ammonia was in the
SPF in July before the fish kill at 0.32 mg L-1; therefore, NH3 toxicity was not a likely
factor affecting fish growth (Table 4.1). Colt and Tchobanoglous (1978) found a linear
reduction in growth of channel catfish between a range of 0.05-1.00 mg NH3 L-1. They
concluded that growth was 50% of normal when unionized ammonia concentrations were
0.5 mg NH3 L-1. Hargreaves and Kucuk (2001) determined that increasing unionized
ammonia concentrations from 0 mg N L-1 to approximately 3.00 mg NH3 L-1 suppressed
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catfish growth from 2.85% day-1 to 1.25% day-1. Whereas the aforementioned studies
determined NH3 can suppress growth between 0-3.00 mg N L-1, a study conducted by
Crab et al (2007) concluded that direct toxicity of NH3 to commercially produced catfish
occurred at concentrations greater than 1.5 mg N L-1.
Another potentially toxic form of nitrogen is NO2-, the product of NH3 oxidation
and intermediate step in nitrification. In natural waters, NO2- is rarely found in great
concentrations unless allocthonous nitrogenous point sources exist. Nitrite is, however,
occasionally found in pond aquaculture as manufactured feed containing organic nitrogen
is provided to the fish culture daily and subsequently mineralized. Nitrite concentrations
are generally less than 0.10 mg N L-1 in aquaculture ponds because phytoplankton
immobilize TAN from the water column limiting available TAN for nitrification (Boyd
and Tucker 1998). For much of the growing season, NO2- concentrations in the EP and
SPS were below 0.10 mg N L-1, especially in the SPS. The only month that NO2- was
greater in the SPS was in July. During July, TAN concentrations were 3-5 fold greater
than June, and this bioavailable TAN was nitrified by Nitrosomonas sp. resulting in NO2concentrations in July to be 10 fold greater than in June. The increased TAN
concentrations are likely responsible for elevated NO2- concentrations. This conclusion is
probably valid for all months: The pond with increased TAN concentrations had elevated
NO2- concentrations (Figure 2.8). Total ammonical nitrogen concentrations in the SPS
were slightly less than the EP in October, yet NO2- concentrations were nearly 3.0 mg L-1
in the EP compared to approximately 0.25 mg L-1 in the SPF and SPW (Figure 4.3).
Bacteria responsible for nitrification are specialized and require certain environmental
variables to be within an optimum range for oxidation of either NH4+ or NO2- to occur.
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Nitrobacter sp. oxidize NO2- and are more sensitive than Nitrosomonas sp. with respect
to oxygen and unionized ammonia concentrations, temperature and pH levels (Lewis and
Morris 1986). During October, DO concentrations averaged 5.25 mg L-1; sufficient for
nitrification (Hargreaves 1998). Unionized ammonia concentrations were negligible with
a median concentration of 0.01 mg N L-1. Mean pH of EP during October was 7.76,
which is within the optimal range for nitrifying bacteria (Hargreaves 1998). Hargreaves
(1998) explained that a favorable temperature range for nitrifying bacteria to be between
25-35 ºC. Therefore, NO2- accumulation in the EP during October can be attributed to
less than optimal water temperature, as mean monthly water temperature was 20.22 ºC.
Despite the fish kill caused by poor oxygen management, there are a few reasons
why the novel design of the SPS seems to be an efficient pond system for improved water
quality and nitrogen assimilation compared to the EP. First, the SPS seems to accumulate
less harmful nitrogen species over time. For example, TN in the water column throughout
the study was similar between the two ponds, if not greater in the SPS. During monthly
diel sampling, however, the EP had greater concentrations of TAN, subsequently
providing greater concentrations of potentially toxic NO2-. The exact mechanism related
to less inorganic nitrogen concentrations in the SPS is unknown; however, it may relate
to the partitioning of fish as well as water circulation, which results in less likelihood of
toxic nitrogen accumulation compared to the EP (Brune et al 2003). Secondly, water
circulation may optimize ecological services by removing excess feed and metabolic
waste from the fish compartment into the waste treatment compartment, improving water
quality conditions for cultured fish. In contrast, the EP must provide aeration to the entire
pond to ensure sufficient DO concentrations overnight, thus hindering waste treatment
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processes. According to Hargreaves and Steeby (1999), DO is considered to be the most
limiting water quality factor affecting catfish production. Therefore, future guidelines
should establish a baseline requirement of installing an automated oxygen sensor to
ensure sufficient DO for the fish culture. This recommendation may (1) be more
economical compared to a timer system, (2) maintain optimal conditions for waste
treatment processes in the SPW, and (3) possibly enhance production for catfish farmers.
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Table 2.1

March

April

May

June

July

Sept

October

Summary statistics for monthly water quality variables (water temperatureºC, dissolved oxygen–mg L-1, pH, and oxidation-reduction potential–mV) for
the earthen pond (EP), split pond–fish side (SPF), and split pond–waste side
(SPW), March-October, 2010.

Mean
*Med
*stderr
*Sdev
*Min
*Max

EP
Temp
17.39
16.50
0.02
2.96
14.03
24.25

DO
8.00
8.17
0.00
0.72
6.42
15.37

pH
8.33
8.35
0.00
0.54
7.29
10.09

ORP
111.33
115.50
0.17
31.85
56.00
173.00

SPF
Temp
16.50
16.72
0.01
1.03
14.25
18.44

DO
8.92
8.80
0.01
1.38
6.78
12.52

pH
8.10
8.10
0.00
0.16
7.75
8.38

ORP
162.83
159.00
0.16
23.58
124.00
200.00

SPW
Temp
15.05
14.92
0.01
0.91
13.59
17.09

DO
12.74
12.61
0.01
1.24
10.57
15.37

pH
8.07
8.23
0.00
0.35
7.42
8.48

ORP
150.04
159.00
0.28
40.02
-18.00
198.00

Mean
Med
Stderr
Sdev
Min
Max

Temp
20.98
21.17
0.00
2.29
16.26
26.14

DO
8.05
7.93
0.00
2.28
3.27
15.06

pH
8.19
8.20
0.00
0.20
7.70
8.65

ORP
177.83
193.00
0.07
47.18
92.00
244.00

Temp
21.40
21.55
0.00
1.85
17.43
25.37

DO
8.04
7.62
0.00
1.13
5.39
12.50

pH
8.15
8.17
0.00
0.13
7.84
8.44

ORP
178.70
154.00
0.12
49.86
119.00
284.00

Temp
19.86
19.97
0.00
1.70
16.26
24.10

DO
7.81
7.59
0.00
2.05
3.85
13.73

pH
8.21
8.21
0.00
0.21
7.58
8.66

ORP
200.86
213.50
0.14
75.09
84.00
313.00

Mean
Med
Stderr
Sdev
Min
Max

Temp
26.89
26.73
0.00
1.73
24.03
31.73

DO
7.01
6.16
0.00
2.95
2.92
17.76

pH
7.93
7.91
0.00
0.24
7.51
8.76

ORP
205.89
219.00
0.18
118.74
-350.00
355

Temp
28.02
27.96
0.01
1.44
25.80
30.67

DO
7.68
6.25
0.03
3.61
3.25
16.74

pH
8.08
7.99
0.00
0.28
7.72
8.66

ORP
197.68
195.00
0.11
15.17
173.00
231

Temp
27.37
27.09
0.01
1.95
24.17
32.16

DO
12.15
10.01
0.03
8.88
1.45
45.65

pH
8.18
8.14
0.00
0.41
7.58
9.00

ORP
75.31
121.50
0.46
120.11
-340.00
230

Mean
Med
Stderr
Sdev
Min
Max

Temp
30.72
30.51
0.01
1.54
27.62
34.96

DO
6.44
5.83
0.01
2.77
2.59
14.36

pH
7.99
7.96
0.00
0.25
7.62
8.61

ORP
175.03
163.00
0.26
73.84
50.00
342.00

Temp
31.58
31.46
0.00
2.06
27.68
35.51

DO
7.73
6.24
0.01
3.80
2.20
17.20

pH
7.94
7.86
0.00
0.30
7.46
8.79

ORP
235.99
250.50
0.15
86.23
-192.00
343.00

Temp
30.28
30.29
0.01
2.00
27.22
34.19

DO
7.65
6.41
0.02
5.50
0.94
46.10

pH
7.60
7.45
0.00
0.48
7.07
8.71

ORP
-242.70
-381.00
0.82
235.21
-458.00
224.00

Mean
Med
Stderr
Sdev
Min
Max

Temp
30.82
30.67
0.01
1.44
28.29
34.77

DO
8.77
7.74
0.02
5.53
1.82
31.28

pH
8.09
8.00
0.00
0.44
7.46
9.42

ORP
33.36
31.00
0.08
23.22
-43.00
77.00

Temp
30.40
30.29
0.00
1.52
27.38
33.56

DO
5.25
4.86
0.01
2.91
0.76
13.78

pH
7.50
7.67
0.00
0.54
6.46
8.42

ORP
89.34
213.50
0.62
269.41
-444.00
338.00

Temp
30.29
30.34
0.00
1.37
26.17
33.20

DO
2.97
1.97
0.01
1.91
1.12
9.63

pH
7.64
7.74
0.00
0.46
6.86
8.50

ORP
-27.58
-26.00
0.81
252.60
-425.00
317.00

Mean
Med
Stderr
Sdev
Min
Max

Temp
25.66
25.87
0.00
2.29
20.94
29.72

DO
5.49
5.20
0.00
2.08
1.18
11.25

pH
7.79
7.66
0.00
0.37
7.17
8.65

ORP
148.16
234.00
0.26
152.01
-328.00
304.00

Temp
23.28
22.34
0.01
3.26
18.65
29.89

DO
6.50
6.48
0.00
2.21
1.21
12.05

pH
8.09
8.08
0.00
0.29
7.61
9.17

ORP
121.65
216.00
0.37
170.14
-201.00
314.00

Temp
25.07
26.29
0.01
3.00
19.54
29.80

DO
3.67
2.55
0.01
2.93
0.57
13.61

pH
7.65
7.62
0.00
0.31
7.00
8.49

ORP
66.63
56.50
0.60
260.34
-430.00
422.00

Mean
Med
Stderr
Sdev
Min
Max

Temp
20.22
20.13
0.01
1.72
17.09
23.37

DO
6.62
6.44
0.01
1.70
3.54
10.82

pH
7.76
7.74
0.00
0.11
7.60
8.05

ORP
241.70
249.00
0.21
30.66
171.00
283.00

Temp
NA
NA
NA
NA
NA
NA

DO
NA
NA
NA
NA
NA
NA

pH
NA
NA
NA
NA
NA
NA

ORP
NA
NA
NA
NA
NA
NA

Temp
19.38
19.54
0.01
1.99
15.61
23.22

DO
6.42
5.76
0.02
2.98
2.07
13.75

pH
8.00
7.97
0.00
0.16
7.76
8.40

ORP
76.94
112.00
0.40
58.04
-49.00
130.00

* Med=median; stderr=standard error; Sdev=standard deviation; Min=minimum; Max=maximum
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Table 2.2

pH, ionized, and unionized ammonia concentrations (mg L-1) averaged by
depth for the earthen pond (EP), split pond–fish side (SPF), and split pond–
waste side (SPW), June – October, 2010.
pH
Month
June
June
June

Pond
EP
SPF
SPW

Median
8.02
8.04
8.09

St. Error
0.03
0.06
0.06

St. Dev.
0.27
0.34
0.36

July
July
July

EP
SPF
SPW

7.58
8.00
7.55

0.04
0.03
0.04

0.31
0.19
0.25

Sept
Sept
Sept

EP
SPF
SPW

7.73
8.02
7.78

0.02
0.02
0.04

0.18
0.11
0.24

October
October
October

EP
SPF
SPW

7.70
8.17
7.91

0.02
0.02
0.02

0.14
0.11
0.13

Unionized
Ammonia
Month
June
June
June

Pond
EP
SPF
SPW

Median
0.27
0.01
0.01

St. Error
0.010
0.001
0.001

St. Dev.
0.09
0.01
0.01

July
July
July

EP
SPF
SPW

0.02
0.32
0.12

0.001
0.026
0.023

0.01
0.16
0.14

Sept
Sept
Sept

EP
SPF
SPW

0.13
0.08
0.05

0.011
0.004
0.006

0.09
0.02
0.03

October
October
October

EP
SPF
SPW

0.01
0.02
0.01

0.001
0.003
0.001

0.004
0.015
0.005

Ionized
Ammonia
Month
June
June
June

Pond
EP
SPF
SPW

Median
2.66
0.04
0.04

St. Error
0.046
0.020
0.009

St. Dev.
0.39
0.12
0.05

July
July
July

EP
SPF
SPW

0.73
3.94
4.17

0.030
0.113
0.090

0.21
0.68
0.55

Sept
Sept
Sept

EP
SPF
SPW

3.58
1.25
1.14

0.05
0.04
0.03

0.38
0.26
0.17

October
October
October

EP
SPF
SPW

0.40
0.46
0.46

0.02
0.02
0.02

0.15
0.12
0.10
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Figure 2.1 An overhead view of the earthen pond (A) and split-pond system (B)
illustrating the difference in the fish-culture strategies. The split pond
houses the fish in 15-20% of the pond area, and water from this side is
transferred to the waste-treatment area via a slow-turning paddlewheel (C).
Omitted are four one-horsepower aerators in the fish holding area of the split
pond and one five-horsepower aerator in the earthen pond.
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Figure 2.2

Single sampling station configuration. One sampling station was deployed
in the earthen pond and one in each area of the split pond for determination
of oxidation-reduction potential (mV), pH, dissolved oxygen (mg L-1), and
water temperature (ºC).
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Figure 2.3 Water quality variables (pH, water temperature-ºC, dissolved oxygen–
mg L-1, and oxidation-reduction potential–mV) for the earthen pond (EP),
split pond–fish side (SPF), and split pond–waste side (SPW) averaged by
time and depth for the spring (March and April, 2010).
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Figure 2.4

Water quality variables (pH, water temperature-ºC, dissolved oxygen–
mg L-1, and oxidation-reduction potential–mV) for the earthen pond (EP),
split pond–fish side (SPF), and split pond–waste side (SPW) averaged by
time and depth for the summer (May, June, and July, 2010).
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Figure 2.5

Water quality variables (pH, water temperature-ºC, dissolved oxygen–
mg L-1, and oxidation-reduction potential–mV) for the earthen pond (EP),
split pond–fish side (SPF), and split pond–waste side (SPW) averaged by
time and depth for the fall (September and October, 2010)

Note: split pond fish–side only includes September.
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Figure 2.6

Mean monthly water quality variables (pH, water temperature-ºC, dissolved
oxygen–mg L-1, and oxidation-reduction potential–mV) for the earthen
pond (EP), split pond–fish side (SPF), and split pond–waste side (SPW),
March – October, 2010

33

Figure 2.7

Chlorophyll-a concentrations (µg L-1) in the earthen pond (EP), split pond–
fish side (SPF), and split pond–waste side (SPW) from March through
October, 2010.
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A

B

C

Figure 2.8

Biweekly nitrogen concentrations from stocking (March, 2010) to harvest
(October, 2010) in the earthen pond (A), split pond–fish side (B), and split
pond–waste side (C).
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Figure 2.9

Monthly and hourly inorganic nitrogen (total ammonical nitrogen, nitrite,
and nitrate) (mg L-1) concentrations for the earthen pond (EP), split pond–
fish side (SPF), and split pond–waste side (SPW), March-October, 2010.
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CHAPTER III
NITRIFICATION AND DENITRIFICATION POTENTIAL OF COMMERCIAL
CATFISH PONDS
Introduction
In aquaculture, fish growth depends on quantity and quality of manufactured feed
that is provided to the culture daily (Tucker and Steeby 1995). Typically, feed contains
25-36% crude proteins of which 4-6% is organic nitrogen (Lovell 1989). Not all feed,
however, is converted to muscle; in fact, approximately only 25% of feed is recovered in
fish tissues at harvest (Lovell 1989, Boyd and Tucker 1995, Hargreaves 1995, Boyd and
Tucker 1998, Hargreaves 1998, Gross et al 2000). Therefore, nearly 75% of feed is lost to
the pond as dissolved and particulate excretory waste products and uneaten feed. Thus, it
is important to understand nitrogen loss pathways in aquaculture systems especially as
NO2- and NH3 can be toxic to fish (Lewis and Morris 1986, Randall and Wright 1987).
Nitrogen lost to the pond system associated with feed, metabolic waste, senescent
phytoplankton and other material typically accumulates on pond sediments (Steeby et al
2004). Depending on pH and DO, this organic matter will undergo mineralization and be
converted into NH4+ (Hargreaves 1998, Hargreaves and Tucker 2003). Ammonium
accumulates in hypoxic pond sediments because oxidation of NH4+ requires DO
concentrations > 2 mg L-1 (Hargreaves 1995). Despite generally experiencing hypoxic
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DO conditions at the sediment-water interface, various mechanical, environmental, and
biological mechanisms can enhance oxygen at the pond bottom (Tucker and Steeby 1995,
Boyd and Tucker 1998, Crab et al 2007, Torrans 2008). Water circulation, aeration,
bioturbation, and light penetration, separately or in combination, can increase DO
concentrations throughout pond strata resulting enhanced nitrogen processing (Brune et al
2003, Avnimelech 2006, Phan-Van et al 2008).
Nitrification is a two-step process in which NH4+ is oxidized to NO3-. The first
step in the process is oxidation of NH4+ to NO2- and the subsequent reaction oxidizes
NO2- to NO3-. The nitrification process is carried out by two chemoautotrophic bacterial
genera: Nitrosomonas sp. and Nitrobacter sp. (Sylvia et al 2005). The reaction for the
process follows:
NH4+ + 1.5 O2 → NO2- + 2H+ + H2O
NO2- + 0.5 O2 → NO3Hargreaves (1995) noted that nitrification is an important process in the water column of
high-intensity pond systems where mechanical aeration suspends particles providing an
attachment site for nitrifiers. In their study using channel catfish, Gross et al (2000)
measured nitrification throughout one growing season from May to October and
estimated the average daily nitrification rate to be 70 mg N m-2 d-1. In the same study,
Gross et al (2000) estimated the average daily denitrification rate to be 38 mg N m-2 d-1,
indicating that NO3- produced in nitrification was reduced to gaseous nitrogen.
Although presence of oxygen is required to oxidize NH4+ to NO3-, reduction of
NO3-, a process known as denitrification, requires anaerobic conditions (Delwiche and
Bryan 1976, Knowles 1982, Seitzinger et al 2006). Without oxygen, heterotrophic
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facultative anaerobes will shift from obtaining their energy from oxygen to NO3-. Oxygen
yields the most energy for these bacteria; however, when oxygen becomes limiting,
bacteria will use NO3- as their terminal electron acceptor (Hargreaves and Tucker 2003,
Sylvia et al 2005). There are at least 14 known genera including Pseudomonas sp.,
Bacillus sp., and Alcalgenes sp. that are termed denitrifiers (Knowles 1982). The process
of denitrification follows:
NO3- → NO2- → NO → N2O → N2
Denitrifiers are generally found in anaerobic pond sediments near the sedimentwater interface (Hargreaves and Tucker 1996). Ammonia is provided to pond sediments
by mineralization of organic matter and diffuses to the aerobic sediment-water interface
and bulk water where it undergoes nitrification (Hargreaves 1998). Nitrate produced in
the overlying water column diffuses on a concentration gradient to the sediment where it
can be denitrified (Hargreaves 1998). According to Knowles (1982), there is considerable
potential for denitrification in freshwater systems as denitrifying bacteria exist in
numbers ranging from 105 to 1010 g-1 dry weight sediment. Perhaps the most important
factor other than DO that regulates denitrification is ambient NO3- concentration. In 1982,
Knowles found that under anaerobic conditions denitrification will proceed until NO3concentrations fall below 10 µg L-1. Furthermore, Tucker and van der Ploeg (1993)
determined that NO3- concentrations in channel catfish ponds rarely increase above 0.5
mg N L-1. Therefore, despite favorable oxygen conditions at pond sediments,
denitrification may be limited based on NO3- availability.
Today several methods exist to determine of nitrogen pathways. According to
Knowles (1982), however, precise measurements of certain nitrogen pathways (e.g.,
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denitrification) even with standard methods are extremely difficult. Studies in other
aquatic disciplines have used ORP measurements as a proxy for determining conditions
when nitrification and denitrification are favorable (Kralova et al 1992, Lee et al 2000,
Cheng and Liu 2001, Hamlin et al 2008, Reddy and DeLaune 2008, Fernandes et al 2010,
Seo and DeLaune 2010). Oxidation-reduction potential is a measure of the tendency for a
given compound to accept or donate electrons and provides quick characterization of
nutrient transformations in a given media (DeLaune and Reddy 2005). Kravlova (1992)
studied redox potential in laboratory soils and determined ORP values between +300+400 mV were favorable for nitrification. Cheng and Liu (2001) chronicled ORP values
of +280-+300 mV caused nitrification to occur in a swine wastewater tank. Later in 2010,
Fernandes also found similar results in shrimp ponds, as ORP values favorable for
nitrification ranged from +263-+313 mV. In their study using experimental columns, Lee
et al (2000) found at an ORP range of 0--225 mV, NO3- began to reduce to NO2-. Further,
as ORP decreased from -225--400 mV, NO2- reduced completely to N2 gas (Lee et al
2000). In another study, using a sequencing batch reactor, Li and Irvin (2007) determined
that denitrification occurred during an anoxic period where ORP measured -104 mV.
Chang and Hao (1996) also noted a decrease in NO3- concentration (50-20 mg L-1 cm-3)
as ORP declined from 175 to 100 mV of one-hour in their sequencing batch reactor. In a
vertical flow treatment system, Zhou et al (2008) displayed a linear regression (r2=0.532;
P < 0.001) that illustrated decline of N2O-N from ~ 200-0 mg g m-2 d-1 as redox potential
decreased from 600--400 mV. These studies highlight the practicality of using ORP
measurements as a proxy for nitrogen pathway estimation and avoid cost and time
requirements of typical standard methods.
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Soil scientists, geochemists, and limnologists have used redox potential probes
(Eh) to describe oxidation-reduction characteristics of surface environments; however,
few studies have used redox-potential probes in pond aquaculture (DeLaune and Reddy
2005). It appears logistically difficult to use redox probes in pond aquaculture for three
reasons: (1) the small diameter of the redox probe may be compromised by water
velocities imparted by aeration and/or water circulation, (2) bioturbation may
inadvertently plunge the probe deeper into sediments or remove it all together, making
the sampling depth inconsistent, and (3) redox potential data may be difficult to obtain
because probes are submerged in water and a handheld interface is required to obtain
discrete readings from the probes. Use of ORP on submersible water quality data sondes,
however, can be substituted for redox probes and provide quality assured data collection
using pre-defined sampling intervals, reducing cost and time requirements to send
someone into the field to make discrete redox measurements. Additionally, more than one
ORP probe can be deployed at different pond strata to record redox conditions within
aquaculture ponds to understand temporal trends at several pond depths. Intensive diel
sampling of inorganic nitrogen concentrations in conjunction with ORP values may help
researchers better understand the timing, extent, and location of nitrogen processing in
aquaculture ponds.
The main objective of this chapter was to determine when conditions for
nitrification and denitrification were favorable in a SPS and a traditional EP based on
ORP values and TAN and NO3- concentrations. It is important to understand ORP
dynamics to comprehend nitrogen pathways, especially because it is an indirect
measurement. Therefore, ORP levels in the EP and SPS will be used in this chapter to
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assist in crude estimations of temporal (occurrence) and spatial (pond strata) dynamics of
nitrogen pathways.
Methods
Study Site
The study was conducted at the Thad Cochran National Warmwater Aquaculture
Center (NWAC) in Stoneville, MS. The NWAC, located in the Mississippi River Alluvial
Valley, has hydrologic, geologic, and climatic conditions suitable for catfish production.
In terms of hydrologic conditions, the Mississippi River Alluvial Aquifer provides clean
water to ponds as it is drawn up through sand and gravels overlain by fine clay particles.
Geologic parent material settled out and deposited in the alluvial valley consists of
subsoil clay content ranging from 60 to 90% providing optimal water retention in ponds
(Pettry and Switzer 1996). Additionally, the humid subtropical climate (Kӧppen climate
classification system) provides a long growing season (March to October) for catfish
culture.
Pond Design
One SPS and one traditional EP were the experimental units in this research.
Differences between the two ponds were their physical designs. In the EP, fish culture,
oxygen production, and waste removal processes all occurred in the same area. In
contrast, in the SPS an earthen berm physically separated the fish holding area (15-20%
of total pond area) from the oxygen production/waste treatment area (70-80% of total
pond area). Housed within the earthen berm was a five-horsepower (HP) paddlewheel,
which operated daily from 09:00 to 21:00 and provided water circulation between the two
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areas through a meshed wire screen (Figure 3.1). The SPS had an area of 0.285 ha and an
average depth of 1.2 m (0.9 m waste treatment side, 1.5 m fish side). The EP had an area
of 0.325 ha and had an average depth of 1.2 m. Both ponds were stocked according to
total pond area on March 16th 2010 with hybrid catfish (0.048 kg fish-1) (Ictalurus
punctatus x Ictalurus furcatus) at a density of approximately 25,000 fish ha-1. Catfish
were fed to satiation daily with 28% crude protein floating catfish pellets (Delta Western
Inc., Indianola, MS). Four one-horsepower aerators were distributed equally across the
SPF and one five-horsepower aerator positioned at the west end of the EP supplemented
oxygen from 21:00-09:00 daily.
Sampling Design
Redox potential (Eh), and associated nitrogen concentrations were used as
surrogates for estimating favorable conditions for nitrogen transformations (e.g.,
nitrification and denitrification) due to logistical and economical constraints. Oxidationreduction potential ORP, as well as DO, pH and water temperature were recorded in the
water column at 30-minute intervals using a Eureka Manta water quality data sonde
(Eureka Environmental, Austin, TX). Two identical Eureka sampling stations were
placed in the EP and SPS for a weekly sampling duration in each system. Each sampling
station consisted of one data sonde at the surface and one a few centimeters above the
sediment-water interface (Figure 2.2). Deployed sampling stations were replaced with
calibrated sampling stations weekly from time of stocking (March) to time of harvest
(October). Retrieved data sondes were post-processed for data acceptability, cleaned, and
recalibrated for future deployment. Calibration procedures for Eureka data sondes can be
accessed online (Eureka Environmental 2010).
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Water Sample Collection
From May to October, monthly 48-hour diel sampling occurred at three depths
(surface, middle, and bottom) at four-hour intervals within both ponds to estimate
temporal (hourly) and spatial (depth) nitrogen transformations. Two samplers were
placed in the middle of the EP equidistant from each other. One sampler was placed in
the middle of the SPF, and one sampler was placed in the middle of the SPW. Samplers
were built in a fashion which enabled sampling to be conducted from the bank using a
piston pump (0-552 mL minute-1) (QD-1:Fluid Metering, Inc. Syosset, NY) (Figure 3.2),
without disturbing stability of the water column. The premise behind this sampling
method was it would be a non-invasive method for profile sampling, resulting in highly
accurate and precise measurements of water samples as a function of depth.
Nitrogen Determination
Collected water samples (~200 mL) were placed immediately on ice and
transported to the NWAC water quality laboratory for nitrogen determination (total
ammonia and nitrate). Total ammonia nitrogen was determined by the phenate method in
which indophenol was formed by the reaction of ammonium, hypochlorite, and phenol
catalyzed by sodium nitroprusside. Nitrate was determined by the cadmium reduction
method by where nitrate is reduced to nitrite when cadmium is present. Nitrite produced
is determined by diazotizing with sulfanilamide and coupling with NED dihydrochloride
to form a highly colored azo dye that was measured colorimetrically (APHA 1998).
Nitrogen determination for each method was analyzed using a Perkin Elmer Lambda 1A
UV/VIS Spectrophotometer.
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ORP to Eh Conversion Methods
A range of redox values (Eh) for various nitrogen transformations were gathered
from scientific literature to provide a template for when and how nitrogen was being
cycled in other aquatic systems (Kralova et al 1992, Lee et al 2000, Cheng and Liu 2001,
Hamlin et al 2008, Reddy and DeLaune 2008, Fernandes et al 2010, Seo and DeLaune
2010) (Table 3.1) (Figure 3.3). These values were compared to raw ORP data recorded
for the SPS and EP to discern potential nitrogen loss pathways. Raw ORP data had to be
converted to Eh to comply with literature. Conversion from ORP to Eh depends on
concentration of calibration solution used for the device measuring ORP so 200 mV was
added to ORP values to convert to Eh (mV) (APHA 1998). General information on
temporal (hourly) and spatial (depth) nitrogen pathway conditions between the two ponds
was assessed.
Results
Conditions for nitrification and denitrification were favorable in both ponds
throughout the growing season varying hourly and monthly. Overall, occurrence of
conditions considered sufficient for nitrification was greater than denitrification among
ponds (Table 3.2). Nitrification conditions were most favorable during spring and least
favorable during summer and fall. Conversely, denitrification conditions were most
favorable throughout summer and least favorable during spring and fall.
Spatial ORP values in the EP indicated nitrification potential was greater in the
EP bottom compared to the EP surface (79% and 69%) (Table 3.3). Denitrification
potential in the EP was generally greater than the range considered sufficient for
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denitrification to occur (Figure 3.3) (Table 3.1). Nevertheless, conditions favoring
denitrification were greater at the surface of the EP compared to the bottom (Table 3.3).
Nitrification potential in the SPF was more favorable at the surface compared to
the bottom; however, ORP values were generally sufficient for nitrification throughout
the growing season at each pond strata (Figures 3.4 & 3.5) (Tables 3.2 & 3.3).
Denitrification potential in the SPF was most prevalent during fall; however, occurrence
of ORP values which represent favorable denitrification conditions was least in the SPF
among ponds, occurring 19 and 21% of the time at the surface and bottom, respectively
(Table 3.3).
Nitrification potential in the SPW displayed a bimodal distribution with peaks in
conditions considered favorable found during spring and fall. Compared to the EP and
SPF, nitrification potential was least in the SPW. In contrast, denitrification potential was
greatest in the SPW compared to the EP or SPF and most favorable in late summer
through early fall (Table 3.2). Additionally, surface and bottom locations within the SPW
had the greatest percentage of ORP values considered sufficient for denitrification (30%
and 27%) (Table 3.3).
Hourly ORP, TAN, and NO3- values exhibited seasonal variation among ponds
(Figures 3.4, 3.5, 3.6, & 3.7). For example, in July, as diel ORP values in the EP and SPF
were stable, ORP values in the SPW ranged from reduced in the morning to moderately
reduced in the afternoon. July represented the only month during diel sampling that the
SPW had greater TAN concentrations than the EP. Later in September, diel ORP values
in the SPW were reduced during early morning hours and oxidized during afternoon
hours, overall exhibiting ORP values less than the SPF and EP (Figures 3.5 & 3.7).
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Occurrence of moderately reduced conditions from 04:00 to 08:00 coincided with
increasing TAN and near 0 mg L-1 NO3- concentrations in the SPW (Figures 3.5 & 3.7).
During this same time, ORP values, TAN, and NO3- concentrations in the EP were
greater than the SPW. A similar diel trend provided evidence for superior denitrification
potential in the SPW during October as reduced ORP values coincided with least NO3concentrations between 00:00 and 08:00. From 12:00 to 20:00 ORP values in the SPW
became oxidized resulting in NO3- concentrations increasing. Overall, diel NO3concentrations in the SPW was least among ponds throughout the growing season
(Figures 3.6 & 3.7).
Discussion
Occurrence of nitrification and denitrification were estimated based on TAN,
NO3-, and ORP concentrations. Conditions for nitrification were, in general, the most
prevalent nitrogen pathway throughout the growing season in both ponds. Diel trends in
ORP and TAN concentrations at the surface and bottom revealed a general relationship
for most months when ORP was greatest during afternoon and least during morning
hours and TAN concentrations were least during afternoon and greatest during morning
hours. The diel dynamics of ORP are similar to diel oxygen dynamics. Oxygen tends to
be greatest during afternoon hours due to photosynthetic oxygen production by
phytoplankton and least during early morning hours as pond biota respire.
The relationship between ORP and TAN may suggest that nitrification was
occurring in afternoon hours and ceased in early morning hours as DO concentrations
were least. Hargreaves (1997), however, found that although DO concentrations may be
optimal for nitrification, competition between nitrifiers and phytoplankton for TAN may
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suppress nitrification rates, especially during summer when phytoplankton biomass is
greatest. Therefore, despite favorable ORP values, nitrification may only be a significant
TAN sink when phytoplankton biomass is least and water temperatures are moderate,
typically during spring and fall. Gross et al (2000) conducted a study on channel catfish
ponds from June to October and found similar results to Hargreaves (1997), as
nitrification rates were greatest in June and October and least from July through
September. Additionally Gross et al (2000) determined that most of NO3- in their study
was derived from nitrification and accounted for 70 mg N m-1 d-1.
Denitrification potential was less than nitrification in both ponds with conditions
for denitrification being most favorable in the SPW. Gross et al (2000) determined that
denitrification comprised 17.4% of nitrogen losses in four channel catfish ponds and that
denitrification was not a major factor in the water column. Based on ORP concentrations
in our study, favorable conditions for denitrification occurred 31 and 28% of the time at
the surface and bottom of the SPW, respectively, and to a lesser extent in the SPF (20 and
22%), and EP (24 and 19%). Nitrate concentrations were low for most of the growing
season, however, increased from September into October. This monthly spike in NO3may be attributed to senescent phytoplankton standing crops in the fall, reducing
competition between nitrifiers and TAN resulting in increased NO3- via nitrification. Diel
NO3- concentrations were generally greatest in the EP and least in the SPW. Additionally,
the diel trend of ORP and NO3- for the EP were similar to the SPF and contrasted the
SPW.
The difference in design between the EP and SPS is such that aeration is provided
to the entire EP, whereas aeration is only provided in the SPF compartment rendering the
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SPW un-oxygenated at night. Typically, ORP values declined at night, reducing NO3- to
its least concentration by the early morning hours. Fernandes et al (2010) compared
physicochemical parameters in aerated and un-aerated shrimp ponds and found that
average redox values in un-aerated ponds were less than aerated ponds. Additionally,
average NH4+ values were 1.38 and 0.77 µM l-1 in un-aerated and aerated ponds,
respectively. Nitrate values were 1.08 and 0.59 µM l-1 in aerated and un-aerated ponds,
respectively. These results suggest denitrification may be greatest in un-aerated ponds
because of the lack of supplemental oxygen and possible lesser redox potential.
Despite favorable conditions for nitrification and denitrification at the surface of
the SPS and EP, these nitrogen pathways were probably not occurring as much as ORP
values alone may have suggested. Mineralization of organic matter results in the release
of TAN to sediments, not to the surface of aquaculture ponds (Hargreaves 1998). The
greater percentage of favorable denitrification conditions in the SPW was intriguing,
especially considering the SPW had the least favorable conditions for NO3- production
via nitrification. Perhaps the paddlewheel enabled greater oxygen penetration to the SPW
sediment resulting in more efficient nitrification than in the EP. At night, when water
mixing would cease, anaerobic conditions would prevail and present denitrifying bacteria
nitrogen and oxygen requirements for improved denitrification.
To intensify pond aquaculture production, a better understanding of nitrogen
processing becomes an important consideration because with intensification comes
increased nutrients and greater concern regarding accumulation of toxic metabolites such
as NO2- and NH3. Although it is difficult to measure directly nitrogen transformations via
ORP measurements, it seems, based on our research, that the SPS provides enhanced
53

nitrogen removal compared to a traditional EP. The SPS circulates water between the
SPF and SPW during the day, and according to Hargreaves (1995), this circulation may
suspend substrates for microbes and improve nitrification. The nitrate produced in
nitrification may be denitrified if a few conditions are met: (1) nitrate must be present, (2)
hypoxic/anaerobic conditions must exist, and (3) a carbon source must be available.
According to Tucker and van der Ploeg (1993), in catfish ponds of the southeastern
United States, NO3- rarely exceeds 0.5 mg L-1. For much of our study NO3concentrations were less than 0.5 mg L-1; however, even when NO3- levels were low,
denitrification seemed to occur between midnight and noon as ORP and NO3concentrations declined. Depending on season, however, evidence for denitrification was
greatest between 04:00 and 08:00 in the SPW coinciding with time of day DO
concentrations are least. Denitrification potential in the SPF and EP was less favorable
than in the SPW probably because DO concentrations created by aeration were at levels
sufficient to keep fish alive but too great to create adequate conditions for denitrification.
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Table 3.1

A compilation of redox values conducive for nitrification/denitrification in
aquatic systems.

Author, date
Seo and DeLaune, 2010
Seo and DeLaune, 2010
Seo and DeLaune, 2010
Hamlin et al, 2008
Lee et al, 2000
Reddy and DeLaune,
2008
Cheng and Liu, 2001
Fernandes et al, 2010
Kralova et al, 1992

Eh values for N
transformations
Den. 0-+250 mV (max rate)
Den. 0 mV (bacteria & fungi)
Den. > +250 mV (fungi)
Den. -200-0 mV
Den. -200- -175 mV
Den. +200-+300 mV
Den. ~ +200 mV
Nit. +280-+300 mV
Nit. +263-+313 mV
Den. +200-+300 mV
Nit. +300-+400 mV
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Experimental Unit
Wetland soil
Wetland soil
Wetland soil
Recirculating aquaculture
system
Fish culture raceway
Wetland soil
Swine wastewater tank
Shrimp ponds
Laboratory soil

Table 3.2 Monthly frequency and associated percentages of conditions assumed
favorable based on literature review for nitrification (N), denitrification (D)
and coupled nitrification/denitrification (N/D) in an earthen pond (EP), split
pond–fish side (SPF), and split pond–waste side (SPW), March-October,
2010.
Month
March

April

May

June

July

September

October

Pond

Frequency
of N

%N

Frequency
of D

%D

Frequency
of N/D

% N/D

Frequenc
y sum

EP
SPF
SPW

118
144
134

61.46
100
93.06

55
0
6

28.65
0
4.17

19
0
4

9.90
0
2.78

192
144
144

EP
SPF
SPW

639
432
813

95.09
100
96.56

0
0
0

0
0
0

33
0
29

4.91
0
3.44

672
432
842

EP
SPF
SPW

608
144
289

90.34
100
76.46

60
0
71

8.92
0
18.78

5
0
18

0.74
0
4.76

673
144
378

EP
SPF
SPW

239
144
0

82.99
100
0

20
0
144

6.94
0
100

29
0
0

10.07
0
0

288
144
144

EP
SPF
SPW

0
178
115

0
61.81
36.74

287
110
195

99.65
38.19
62.30

1
0
3

0.35
0
0.96

288
288
313

EP
SPF
SPW

412
504
202

71.53
62.07
46.76

160
300
224

27.78
36.95
51.85

4
8
6

0.69
0.99
1.39

576
812
432

EP
SPF
SPW

144

100

0

0

0

0

144

83

57.63

52

36.11

9

6.25

144
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Table 3.3 Frequency and percentage of estimated nitrogen pathways (nitrification-N,
denitrification-D, and coupled nitrification/denitrification-N/D) totaled across
the length of the study (March–October, 2010) for each pond (earthen pondEP, split pond-fish side-SPF, and split pond–waste side-SPW) and associated
depth (surface–S and bottom-B).
Pond
& depth

Frequency
of N

%N

Frequency
of D

%D

Frequency
of N/D

% N/D

Frequency
Sum

EP (S)

670

69.71

232

24.14

59

6.13

961

EP (B)

1490

79.59

350

18.69

32

1.70

1872

SPF (S)

612

79.89

150

19.58

4

0.52

766

SPF (B)

934

77.96

260

21.70

4

0.33

1198

SPW (S)

577

66.93

266

30.85

19

2.20

862

SPW (B)

1059

68.99

426

27.75

50

3.25

1535
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Figure 3.1

Schematic design of the split-pond system showing the two functionally
different pond areas and water circulation patterns when the five
horsepower paddlewheel is engaged during the day. Omitted are four onehorsepower aerators in the fish holding area.
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Figure 3.2 Water-column view of a sampler deployed to the pond bottom to pump
water from three depths for nitrogen determination.

59

Figure 3.3

Oxidation-reduction potential ranges for nitrification, denitrification, and
coupled nitrification/denitrification in aquatic systems.

Fernandes et al, 2010-Nitrification +263-+313mV
Seo and DeLaune, 2010-Denitrification 0-+250mV
Hamlin et al, 2008-Denitrification -200-0mV
Reddy and DeLaune, 2008-Denitrification +200-+300mV
Cheng and Liu, 2001-Denitrification +200mV
-Nitrification +280-+300mV
Lee et al, 2000-Denitrification -200--175 mV
Kralova et al, 1992-Denitrification +200-+300mV
-Nitrification +300-+400
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Figure 3.4

Total ammonical nitrogen and oxidation-reduction potential concentrations
at the surface of the earthen pond (EP), split pond–fish side (SPF), and split
pond–waste side (SPW) from May to October, 2010.
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Figure 3.5

Total ammonical nitrogen and oxidation-reduction potential concentrations
at the bottom of the earthen pond (EP), split pond–fish side (SPF), and split
pond–waste side (SPW) from May to October, 2010.
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Figure 3.6

Nitrate and oxidation-reduction potential concentrations at the surface of the
earthen pond (EP), split pond–fish side (SPF), and split pond–waste side
(SPW) from May to October, 2010.
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Figure 3.7

Nitrate and oxidation-reduction potential concentrations at the bottom of the
earthen pond (EP), split pond–fish side (SPF), and split pond–waste side
(SPW) from May to October, 2010.
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CHAPTER IV
EVALUATION OF NITROGEN BUDGETS
Introduction
Most global aquaculture production occurs in earthen ponds (Hargreaves and
Tucker 2003). Finfish production is improved when nutrients are added to the system to
enhance fish growth (Boyd 1985). Nitrogen is a nutrient of great importance in static
pond aquaculture because it is necessary for fish growth; however, in excess, it can lead
to deleterious water quality and poor fish health (Hargreaves 1997). In the last 20 years,
efforts for enhanced nitrogen management strategies in aquaculture have evolved to
increase production, improve pond water quality, reduce eutrophication to receiving
waters, and improve ammonia assimilation (Avnimelech 1999, Drapcho and Brune 2000,
Brune et al 2003, Crab et al 2007). As pond aquaculture intensifies, nitrogen budgets may
allow for a better understanding how nitrogen processes in newly engineered ponds
function by identifying and comparing sinks and sources and inputs and outputs to
conventional earthen ponds.
It is recognized widely that feed represents the greatest input of nitrogen to
aquaculture ponds (Boyd 1985, Hargreaves 1998, Gross et al 2000). Boyd (1985)
calculated feed to account for 92% of nitrogen gains in three nitrogen budgets of
Alabama channel catfish ponds. Gross et al (2000) calculated nitrogen budgets in four
400 m2 earthen ponds and determined feed comprised 87% of nitrogen gains. Other
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nitrogen inputs often considered are fish stock, pipe inflow, initial water, nitrogen
fixation, and rainfall (Boyd 1985).
Although feed is considered a nitrogen source to catfish ponds, only
approximately 25% of feed is retained by cultured fish meaning 75% of feed is lost to the
pond system of which most settles on pond sediments where nitrogen processes such as
mineralization, ammonium adsorption, sediment-water ammonia flux, organic matter
burial, and denitrification can provide important nitrogen losses (Avnimelech and Ritvo
2003). Additional nitrogen losses from ponds include fish harvesting, seepage, and
ammonia volatilization (Hargreaves 1998). Boyd (1985) found that fish harvest was the
single greatest nitrogen loss in channel catfish ponds, and ammonia volatilization and
denitrification accounted for 57% of nitrogen losses during that study. Gross et al (2000),
however, only found ammonia volatilization and denitrification to contribute 30% of
nitrogen losses in their study of channel catfish ponds.
Innovative solutions are being developed to improve nitrogen removal efficiency
in pond aquaculture. Avnimelech (1999) suggests controlling inorganic nitrogen by
manipulating carbon/nitrogen (C:N) ratios by adding of carbonaceous materials to the
system or, similarly, reducing protein levels in feed. Results from these fish tank trials led
to a significant reduction in NH4+ accumulation, and NO2- + NO3- was reduced from 1.97
mg L-1 in the control tank to 1.13 mg L-1 in the treatment tank (Avnimelech 1999).
Development of Clemson University’s PAS provides an additional solution for
improved nitrogen removal through its unique pond design and co-culture strategy
(Brune et al 2003). Central to the PAS performance is a paddlewheel, which imparts a
uniform water velocity across a partitioned catfish-culture compartment and an algal
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basin (Brune et al 2003). The paddlewheel mixes the water column providing nutrients to
algal populations, which, in turn, provide greater levels of TAN assimilation than
traditional pond aquaculture (Drapcho and Brune 2000). Additionally, the limit of pond
production increases when a co-culture species such as Nile tilapia (Oreochromis
niloticus) are stocked as they forage on phytoplankton, recovering nitrogen from algae
and incorporating it into fish tissues (Turker et al 2003).
Mississippi’s SPS is a derivative of the PAS that, unlike the PAS, may be suitable
for existing ponds. The SPS uses a similar, more rudimentary design of partitioning
catfish from the algal basin. Similar to the PAS, the SPS uses a low-speed paddlewheel to
circulate water between fish and algal compartments during the day to improve
photosynthetic oxygen production and TAN assimilation. At night, the paddlewheel
ceases and the algal compartment becomes hypoxic or anaerobic whereas the fish
compartment receives aeration. Mississippi’s SPS is an alternative pond design which is
being refined to represent an intermediate level of pond intensification between
traditional earthen ponds and PAS. As such, a better understanding of nitrogen processing
through quantitative assessments of sources and sinks will be necessary to evaluate fully
its potential to raise the ceiling of pond aquaculture. Therefore, the main objective of this
chapter was to develop nitrogen budgets for one SPS and one EP during a growing
season in 2010. Each nitrogen budget includes inputs and outputs of total nitrogen in
pond water, pond sediments, feed, and fish.
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Methods
Study Site, Design, and Sampling
The study was conducted at the Thad Cochran National Warmwater Aquaculture
Center (NWAC) in Stoneville, MS. The NWAC is located in a region where conditions
are optimal for catfish aquaculture. Water is provided from a shallow source known as
the Mississippi River Alluvial Aquifer. Geologic parent material settled out and deposited
in the alluvial valley consists of subsoil clay content ranging from 60 to 90% providing
optimal water retention in ponds (Pettry and Switzer 1996). Additionally, the humid
subtropical climate (Kӧppen climate classification system) offers a long growing season
(March to October) for catfish culture.
Two experimental units, one SPS and one EP, were the focus of this research and
were stocked with hybrid catfish (Ictalurus punctatus x Ictalurus furcatus)
(0.048 kg fish-1) on March 16, 2010, at a density of approximately 25,000 fish ha-1. The
EP represented a traditional catfish pond where fish culture, oxygen production, and
waste treatment processes all occur in the same area (Figure 2.1A). Conversely, the SPS,
a newly designed pond differed physically from the EP in terms of partitioning fish
culture (15-20% total pond area) from oxygen production and waste treatment (70-80%
of total pond area) functions (Figure 2.1B). Physical separation of the two compartments
in the SPS was provided by an earthen berm, which also served to accommodate a fivehorsepower (HP) paddlewheel. The paddlewheel supplied circulation to the SPS daily
from 09:00 to 21:00 (Figure 2.1C). The area of the SPS was 0.285 ha and had a depth of
1.5 m in the fish compartment and 0.9 m in the waste compartment. The EP had an area
of 0.325 ha and an average depth of 1.2 m. Catfish were fed to satiation daily with 28%
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crude protein floating catfish pellets (Delta Western Inc., Indianola, MS). Four onehorsepower aerators were distributed equally across the SPF and one five-horsepower
aerator positioned at the west end of the EP supplemented oxygen from 21:00-09:00
daily.
Prior to stocking, and following harvest, grab water samples were collected from
the EP and SPS to quantify the TN flux between the two ponds. Total nitrogen was
determined by alkaline-persulfate oxidation/digestion followed by cadmium reduction
and diazotization (Koroleff 1983). Also prior to stocking, sediment samples were taken at
24 equidistant locations in the EP and SPS using a typical soil core sampler. In the SPS,
16 samples were taken from the SPW and 8 were taken from the SPF. The flocculent
layer (0-5 cm) was collected from each sample and measured for nitrogen (N), carbon
(C), and C:N ratio in the water quality laboratory at USDA-ARS in Oxford, Mississippi.
The sediment samples were dried in an oven at 105 ˚F for 24 hours. Once dried, samples
were ground to less than 2 mm in particle size and weighed to approximately 5 g (±
0.1g). Samples were analyzed using a Vario Max CNS instrument from Elementar
Analysensysteme GmbH (Hanau, Germany) in CN mode with precision of less than or
equal to 0.5% relative measurement. The CNS instrument used a thermal conductivity
detector for measurements following tungsten catalytic tube combustion of samples and
separation of gases to acquire desired components (C and N). Following harvest,
sediments were again sampled with identical procedures as prior to stocking to allow for
comparisons between initial and final nitrogen concentrations and C:N ratios. At time of
stocking a sample of 20 advanced fingerling (12-15 cm total length) catfish and a sample
batch of feed were ground and analyzed for total nitrogen. Raw whole fish were ground
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through a meat grinder and freeze-dried with a Freezone Freeze Dry System (Labconco,
Kansas City, Missouri) for 16 to 18 hours. The dried samples were ground again with a
food processor. Total nitrogen was analyzed in triplicate by the combustion method
(AOAC 2000) using an FP-2000 protein determinator (Leco Corporation, St. Joseph,
Michigan). At harvest three commercial sized fish from the EP and SPS were analyzed
for TN in fish using the same method used for the advanced fingerlings.
Nitrogen Budget
A partial nitrogen budget was calculated for the SPS and EP. Inputs of nitrogen
were based on initial water, sediment, feed, and fish nitrogen at stocking. Outputs of
nitrogen were based on final water, sediment, and fish nitrogen following harvest. The
general equation for the nitrogen budget (kg pond-1) follows:
Win + Sin + FSin + Fin=Wout + Sout + FSout
Where Win=water TN prior to stocking; Sin=initial nitrogen in sediment; FSin=initial
nitrogen fish stock; Fin=nitrogen in feed; Wout=water TN after harvest; Sout=nitrogen in
sediment post harvest; FSout=nitrogen in fish stock at harvest. This budget was used for
the EP and SPS to compare nitrogen fluxes throughout the growing season and to identify
any differences between the two ponds.
Results
Nitrogen Budget
Catfish were fed to satiation and feed averaged 4.5% nitrogen. This resulted in
feed accounting for 93 and 94% of total nitrogen (TN) inputs into the SPS and EP,
respectively (Table 4.1). Average feeding rates for the EP and SPS were 184 and 202 kg
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ha-1 day-1 throughout the growing season, respectively. At time of stocking, TN in dry
weight of fish between the EP and SPS were similar (EP=1.73% N; SPS=1.56% N). Fish
was the greatest TN pool recovered at harvest in the SPS and EP and represented 58 and
68% of all TN outputs, respectively. Total nitrogen in the water column and in sediments
of the EP and SPS increased from stocking to harvest (Table 4.1). It was difficult to
assess sediment TN loads between the two ponds because of different surface areas, so
standardizing TN by density of dry weight sediment was necessary to compare EP and
SPS sediment TN loads. Initially, the EP, SPF, and SPW had sediment TN values of 105,
64, and 213 g m-3, respectively. Following harvest, the EP, SPW, and SPW had sediment
TN values of 144, 144, and 320 g m-3, respectively.
C:N Ratio
Initial C:N ratios recovered from the EP, SPF, and SPW sediments averaged
10.14, 11.54, and 8.25, respectively (Table 4.2). Following harvest, final C:N ratios for
the EP, SPF, and SPW averaged 8.63, 12.29, and 7.15, respectively.
Discussion
The crude nitrogen budget did not provide quantitative evidence to suggest the
SPS was more efficient at nitrogen removal than the EP. The differences in initial fish
nitrogen between the EP and SPS were a function of biomass stocked into ponds.
Stocking densities in this study were similar between ponds at approximately 25,000 fish
ha-1. The EP had a greater surface area than the SPS, therefore to maintain appropriate
stocking densities, more fish were initially stocked into the EP, thus providing a greater
fish nitrogen input. Nitrogen recovered in fish represented 20 and 18% of feed nitrogen in
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the EP and SPS, respectively. These fish nitrogen recovery percentages were slightly
below the 25% average determined by Avnimelech and Ritvo (2003). Fish nitrogen in the
SPS was difficult to assess due to the fish kill; however, the relatively low percentage of
fish TN recovered in the EP can be attributed to a 22-day maintenance feeding regime
where fish were fed between 0-20 kg day-1 as restocked fish in the SPS were acclimating
to the pond. Fish nitrogen recovery would have probably been greater in the EP if normal
feeding rates would have occurred throughout August.
Nitrogen inputs in feed were 94 and 93% for the EP and SPS, respectively, which
were comparable to Boyd (1985) (92%) and Gross et al (2000) (87%). Because
approximately 25% of feed nitrogen is recovered by fish, 75% is released to the pond
where most ends up on pond sediments (Avnimelech and Ritvo 2003). Sediment TN was
9% greater in the SPS and increased from stocking to harvest. Accumulation of organic
matter at pond sediments is of particular interest in pond aquaculture as certain organisms
relating to nutrient removal obtain energy from decomposition of organic matter.
Decomposition of organic matter, however, may result in large quantities of oxygen
being removed from the overlying water column as sediment biota mineralize high
quality detritus and feed (Steeby et al 2004). Our results indicated sediment TN in the EP,
SPF, and SPW increased 37, 125, and 50% from stocking to harvest, respectively. As
such, the C:N ratio in the EP and SPW decreased by 15 and 13%, respectively. However,
despite the 125% increase in sediment TN in the SPF, the C:N ratio increased by 6%,
likely meaning TN accumulation was greater than total carbon accumulation.
The design of the SPS is such that fish are confined to about 20% of total pond
area. The remaining 80% is used for oxygen production and waste treatment. Despite the
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nitrogen budget providing few contrasts between the EP and SPS, the unique design of
the SPS may enhance nitrogen removal compared to traditional EP. Results from this
study suggest decomposition of organic matter (as shown by C:N ratio) in the SPW may
provide insight into the SPS ability to potentially remove greater volumes of nitrogen
compared to EP while ensuring sufficient oxygen concentrations for cultured fish in the
SPF.
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Table 4.1 Crude nitrogen budget for the earthen pond and split-pond system, Stoneville,
MS. Sources included total nitrogen in feed, sediment, fish, and water,
March-October, 2010.
Initial TN
(kg/pond)

% of total N

Feed

515.47

94.15

Sediment

17.17

Fish

Source
Earthen Pond

Split Pond

Final (kg/pond)

% of total N

3.14

23.40

13.90

9.47

1.73

114.89

68.23

Water

5.40

0.99

30.10

17.88

Total

547.51

100

168.39

100

Feed

498.22

93.21

Sediment

24.66

4.61

38.62

22.91

Fish

8.35

1.56

97.41

57.78

Water

3.31

0.62

32.55

19.31

Total

534.54

100

168.58

100
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Table 4.2 Initial (I) and final (F) carbon:nitrogen ratios for the earthen pond (EP), split
pond–fish side (SPF), and split pond–waste side (SPW), Stoneville, MS,
March-October, 2010.
C:N Initial vs.
Final

Pond
EP (Initial)
EP (Final)
difference
(F-I)

Mean
10.14
8.63

SD
0.61
1.2

-1.51

0.955

SPF (Initial)
SPF (Final)
difference
(F-I)

11.54
12.29

1.36
2.96

0.7557

2.3086

8.254
7.1528

0.4165
0.7122

-1.102

0.5834

SPW (Initial)
SPW (Final)
Difference
(F-I)

78

References
AOAC (Association of Official Analytical Chemists International). 2000. Official
methods of analysis. 17th edition. AOAC International, Gaithersburg, Maryland.
Avnimelech, Y. 1999. Carbon/nitrogen ratio as a control element in aquaculture systems.
Aquaculture 176:227-235.
Avnimelech, Y. and G. Ritvo. 2003. Shrimp and fish pond soils: processes and
management. Aquaculture 220:549-567.
Boyd, C. E. 1985. Chemical budgets for channel catfish ponds. Transactions of the
American Fisheries Society 114:291-298.
Brune, D. E., G. Schwartz, A. G. Eversole, J. A. Collier, and T. E. Schwedler. 2003.
Intensification of pond aquaculture and high rate photosynthetic systems.
Aquaculture Engineering 28:65-86.
Crab, R., Y. Avnimelech, T. Defoirdt, P. Bossier, and W. Verstraete. 2007. Nitrogen
removal techniques in aquaculture for a sustainable production. Aquaculture
270:1-14.
Drapcho, C. M. and D. E. Brune. 2000. The partitioned aquaculture system: impact of
design and environmental parameters on algal productivity and photosynthetic
oxygen production. Aquaculture Engineering 21:151-168.
Gross, A., C. E. Boyd, and C. W. Wood. 2000. Nitrogen transformations and balance in
channel catfish ponds. Aquaculture Engineering 24:1-14.
Hargreaves, J. A. 1997. A simulation model of ammonia dynamics in commercial catfish
ponds in the southeastern United States. Aquaculture Engineering 16:27-43.
Hargreaves, J. A. 1998. Nitrogen biogeochemistry of aquaculture ponds Aquaculture
166:181-212.
Hargreaves, J. A. and C. S. Tucker. 2003. Defining loading limits of static ponds for
catfish aquaculture. Aquaculture Engineering 28:47-63.
Koroleff, F. 1983. Total and organic nitrogen. Pages 162-173 in K. Grasshof, M.
Ehrhardt, and K. Kremling, editors. Methods of seawater analysis, Verlag
Chemie, Weinheim, Germany.
Pettry, D. E. and R. E. Switzer. 1996. Sharkey soils in Mississippi. Bulletin 1057.
Mississippi Agricultural and Forestry Experiment Station
Mississippi State, Mississippi.
79

Steeby, J. A., C. S. Tucker, and J. A. Hargreaves. 2004. Factors affecting sediment
oxygen demand in channel catfish ponds. Journal of the World Aquaculture
Society 35:322-334.
Turker, H., A. G. Eversole, and D. E. Brune. 2003. Filtration of green algae and
cyanobacteria by Nile tilapia, Oreochromis niloticus, in the partitioned
aquaculture system. Aquaculture 215:93-101.

80

CHAPTER V
SYNTHESIS
The overall objective of this study was to better understand water quality and
nitrogen dynamics within a SPS and compare results with a traditional EP. Even though a
treatment “group” is preferred over one “treatment” pond, logistically, this was not
feasible because the SPS is a new management strategy that scientists and catfish farmers
are still improving and understanding. Consequently, there are only a handful of
operational SPS’s so current research is limited by a small number of experimental units.
The future of domestic catfish aquaculture is unknown: however, fish production via
traditional means is becoming increasingly less profitable due to greater feed costs and
competition with foreign imports. Therefore, pond intensification needs to be realized
(Norman-Lopez and Asche 2008).
The physical design of the SPS was derived from the PAS which was engineered
by scientists at Clemson University. The PAS was designed to increase commercial
catfish production 3-5 fold greater than traditional pond aquaculture by managing
phytoplankton standing crops (Turker et al 2003). The PAS is an intensive aquaculture
system which relies on high rates of water transfer and low hydraulic residence times (1-2
days) (Drapcho and Brune 2000). The PAS, because it is constructed from concrete and
requires new construction rather than retrofitting existing ponds, is an unlikely option for
most commercial catfish farmers because it may not be economical in today’s market.
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The SPS was constructed with similar design characteristics as the PAS; however,
the SPS was designed such that pond intensification may be realized in earthen ponds for
most catfish farmers. The SPS partitions fish culture to approximately 20% of the pond
area. The design of traditional earthen ponds, in contrast, permits fish access to 100% of
the pond area. The difference in design between the two pond types revealed different
results in this study.
Most results between EP and SPS in this study differed not in the form of water
quality, rather, in ability to provide an improved pond environment with respect to
inorganic nitrogen species accumulation. The SPS, probably because of water circulation
during the day, resulted in less overall inorganic nitrogen build up and less forms of toxic
nitrogen (NO2-) compared to the EP. Water quality certainly played a role in nitrogen
cycling, and within the SPS, ORP differed considerably between the SPF and SPW
resulting in oxidized conditions in the SPF and reduced conditions in the SPW at night.
Once water circulation ceased at night, oxygen was consumed in the SPW and provided
hypoxic/anaerobic conditions sufficient for nitrogen removal via denitrification. In
contrast, the SPF and EP remained oxygenated at night via mechanical aeration reducing
denitrification potential in an effort to provide sufficient oxygen for the catfish crop.
Nonetheless, denitrification probably occurred in the EP; however, it was likely limited to
the sediment-water interface at night and in the portion of the pond that was farthest from
the aerator.
The exact mechanism for improved nitrogen removal in the SPS is probably
related to physical partitioning of the fish culture from waste treatment functions as well
as water circulation and no aeration in the SPW. Throughout the season, temporal water
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quality and nitrogen dynamics promoted enhanced nitrogen removal ability in the SPS
which is encouraging for increasing stocking densities. The future of the SPS as a
management option for commercial catfish farmers seems promising because it decreases
concentrations of potentially toxic nitrogenous compounds and may result in greater
production yields while still farming in ponds. Future research of the SPS is needed to
determine nitrogen differences between a group of treatments (SPS) and controls (EP).
Additionally, direct measurements of nitrogen pathways may be necessary to accurately
compare and contrast nitrogen removal rates. A complete nitrogen budget for the SPS
needs to occur which includes rates and loads of nitrogen removal for better
understanding of any differences between treatments and controls.
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